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CHAPTER 1 

INTRODUCTION 

The e f fec ts  o f  thermal c m t a c t  conductance must be considered 

For example, i n  the aerospace and semiconduc- i n  many applications. 

t o r  indust r ies i t  i s  necessary t o  include the e f f e c t  o f  thermal 

contact resistance i n  the design o f  various systems and components 

tha t  are exposed t o  extreme temperature condit ions. A l s o  the thermal 

cont ro l  design f o r  spacecraft components, such as r e f l e c t i v e  and 

ablat ive shields, antenna s t ru ts ,  cryogenic storage compartments 

and plat form mounted heat sourcesJ requi re a knowledge o f  the 

resistance t o  heat t ransfer  between surfaces i n  contact. 

The existence o f  contact conductance resu l ts  i n  many problems 

i n  engineering applications. 

annealing r o l l e d  steel ,  etc., are a few examples o f  s i tuat ions i n  

which maximum heat t ransfer  i s  desired. The r e s t r i c t i o n  t o  heat 

t ransfer  caused by the contact conductance could be diniinished by 

increasing the pressure a t  the ccntact, provided the system compon- 

ents can withstand extreme mechanical loading, which may not be the 

case. However, i t  should be noted tha t  thermal contact resistance 

can also be useful  Thermal i so la t i on  o f  spacecraft components, 

rryogenic storage compartments, etc. , i s  enhailced by the existence 

o f  contact conductance. 

Nuclear fue l  elements, a i r c r a f t  j o i n t s  , 



I n  a recent paper by Thomas and Probert (26)*, it, was pointed 

out t ha t  i n  the past few years several low temperatcre insu lat ing 

systems o f  very high ef f ic iency,  i .e. , "superirrsulations", have been 

developed and tha t  they were a l l  marked by the d i s t i n c t  disadvantage 

o f  low mechanical strength. I t  was a1sc.i noted tha t  comparatively 

small compressive loads could i r reve rs ib l y  reduce the e f fec t i ve  

thermal r e s i s t i v i t y  o f  such mater ia ls by a fac to r  o f  up t o  100 with 

possible f a i l u r e  o f  the insu la t ing  system. A suggested approach t o  

the problem was t o  make a thermal ba r r i e r  out o f  layers o f  a mater ia l  

whicrl had good mechanical and thermal properties, such as s ta in less 

steel .  

propert ies would depend on the thermal resistance o f  e x h  in ter face 

and the number o f  interfaces. 

Experimentation indicated, however, t ha t  the insu la t ing  

The modes o f  hes.t t ransfer  a t  the contacting surface are 

considered t o  be: 1) s o l i d  conduction through the t rue  contact area; 

2) gaseous, molecular, o r  othe-- conduction throu3i.l the i n t e r s t i t i a l  

f l u i d  o r  f i l l e r ;  and 3)  thermal rad iat ion.  The thermal contact con- 

ductance, h y i s  mathematically defined as 

h = Qj/AAT 

where Qj Ys the heat t ransferred between the bounding surfaces o f  

the contact gap, A i s  the apparent area o f  contact a t  trle interface, 

and AT i s  defined temperature di f ference due t o  the presence o f  the 

interface. The thermal contact resistance, R , i s  defined as the 

* Numbers i n  parentheses ind icate references 
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reciprocal o f  hA. H is to r ica l  ~ y ,  thermal contact conductance has 

been evaluated by experimental :y determining the quant i t ies  o f  the 

r i g h t  side o f  the above equation f o r  a pa r t i cu la r  set  o f  x v i r o n -  

mental conditions. The heat f l u x  across the in ter face can be 

determined from e i the r  .Fourier 's equation o f  heat conduction o r  an 

energy balance on the t e s t  specimens. The apparent contact area i s  

the surface area o f  the in ter face projected onto a plane perpendi- 

cular t o  the d i rec t ion  o f  the heat flow; however, t h i s  area usual ly 

d i f f e r s  markedly from the actual contact area, which i s  a funct ion 

o f  surface roughness and waviness, and the load. The temperature 

drop across the in ter face i s  usual ly determined by e i t h e r  a l i n e a r  

o r  a curv i l inear  extrapolat ion o f  tne specimen's ax ia l  temperature 

p r o f i l e  t o  the contacting surface. 

Although many studies have beet, conducted on the subject o f  

thermal contact resistance as indicated by the c r i t i c a l  reviews o f  

Hudack (18) and Minges (23), methods f o r  accurate predic t ion o f  

thermal conductances between contacting sol i ds  wi th  and without 

i n t e r s t i t i a l  materials have not been s u f f i c i e n t l y  established. The 

resul ts  o f  the previous invest igat ions ana comparative studies y ie lded 

several d i f f e r e n t  theories, those o f  Cetinkale and Fishenden (6) 

and Laming (20), tdking i n t o  consideration the e f f e c t  o f  i n t e r s t i t i a l  

f lu ids .  Only a very l i m i t e d  amount o f  data f o r  the contact conduct- 

ance o f  meta l l i c  j o i n t s  w i th  i c t e r s t i t i a l  f i l l e r s  i s  tabulated for 

ready use, and generzl ly oniy trends a- shcw~. Values presented 

are dispersed over a wide rzc:e , : .,nditions, environmental 

condXons, and types o f  i n t w  : , d 1  : ! l l e r s  and usually emphasize 
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the improvement o f  thermal contact conductance o f  a j o i n t .  The 

range o f  t es t  and environmental conditions i s  i l l u s t r a t e d  by the 

experiments o f  Hargadon (16) and o f  Berman (3 )  which were conducted 

i n  Argon atmospheres a t  high specimen temperatures and i n  a vacutim 

with the specimens a t  crvogenic temperatures, respectively. A 

representztive sample o f  the meta l l ic  specimens and i n t e r s t i t i a l  

materials used by these and other investigators i s  l i s t e d  Sn Table 1. 

TABLE I 

PREVIOUS !RVESTIGATIONS 

Author Meta l  1 i c  Specimen I n t e r s t i t i a l  Material 

Brunot and A I S 1  M27 Steel Steel Shim (22 m i l )  
Birckland (5) 

Weills and SAE 4140 Steel Texaco AEO-120 O i l  
AMS 4846 Bronze 
A1 umi num 

Ryder (28) 

Dailey and 6061 4 6  Alutni nurn Si l icone Vacuum Grease 
Kaspareck (9) AZ91C Magnesium Indium Foi l  

Almag 35 
Aluminum 356 

A1 umi num Foi 1 

Cunningtan (8) 6061 -14 A1 umi num Indium Foi l  
AZ-31 Magnesium S i  1 icone Vacuum Grease 

Dow CGrning DC-340 

A1 umi num Epoxy Cement 
Beryl 1 i urn Indium Foi l  

Lead Fo i l  
Aluminum Le+ 
Gold Leaf 

Jansson (19) 
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TABLE I (Cont'd) 

Fried and 
Costello (13) 

Fried (12) 

Ceti nkal e and 
Fishenden (5 )  

Barzelay (2) 

Clausing and 
C hao (7)  

Berman (3) 

Mikesell and 
Scott (22) 

AZ-31 Magnesium 
2024-T3 A1 umi num 

2024-T-4 A1 umi num 
304 Stainless 
Beryl 1 i um 
AZ-31 Magnesium 

Steel 
Brass 
Aluminum 

2024-T6 A1 umi num 
2024-T3 A1 umi num 
Inconel X 

Brass 
AZ-31B Magnesium 
303 Stainless 
2024-T4 A1 umi num 

Copper 

Brass 

Lead Fo i l  
A1 umi nurn Foi 1 
Copper Screen 

Sil icone Vacuum Grease 
Sil icone Rubber 

A i r  
Spindle O i l  
Glycerol 

A1 umi num Sheet 
Brass Shim 
Asbestos Sheet 
Teflon Sheet 
Zinc Chromate Primer 

S i  1 i c m e  Vacuum Grease 

Copper Disk (0.005 in )  
Steel Disk (0.031 i n )  
Teflon Disk (0.012 i n )  
A1203 Powder 

Monel Disk (0.017) 
Stainless Steel 304 Disk  

(0.0195 i n )  
Stainless Steel 302 Disk 

(0.0008 i n )  
Pyrex-Glass Spheres 

(0.375 i n  diz.) 
Soda Lime Spheres 

(0.42 in. dfa.) 
Ceramic Spheres 

(0.39 i n  dia.) 
Micarta L i  nen-Impregnated 

Spheres (0.375 i n  dia.) 
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:ABLE I (Cont'd) 

Thomas and 
Probert (26) Copper "Staybri t e "  F.S.T. 

Stainless Steel 
"Speedicut 14" Tool Steel 
"Ever Ready" Stainless 

Steel 
Razor-Blade Blanks 
'Tarp" Fabric Laminated 

Phenolic Resin 
Brass Shimstock 

Some spec i f i c  work w i th  insu la t ing  mater ia ls for low teRpera- 

tu re  storage equipment was reported i n  1956 by Mfkece'll and Scott  

(22). They conducted tes ts  on two types o f  t k m i a ?  insu7ating 

supports which could be used i n  cryogenic storzge vessels: 1) non- 

me ta l l i c  spheres (pyrex glass, sodalime, ce,amic and micarta l inen-  

impregnated), and 2) mdt ip le-contact  supports i n  the farm o f  stacks 

o f  t h i n  meta l l i c  p lates o r  s p i r a l l y  wound s t r ips .  For an ax ia l  load 

o f  300 pounds per sphere and mean junct ion "mperature o f  48"K, the 

pyrex glass spheres reduced the neat t ransfer  a t  the junct ion t o  less 

than 0.77 Btu/hr per sphere. I n  contrast, the mul t ip le  layer  column 

o f  metal sheets provided both good thermal ana mechanical propert ies. 

For a column o f  315 s ta in less s tee l  0.0008-inch-thick plates a t  1000 

ps i  and a mean temperature c f  48"K, the thermal conduction was found 

t o  be only 2 percent o f  t ha t  o f  a s o l i d  conductor o f  the same dimen- 

sions. Later, Thomas and Probert (26) a lso considered mul t ip le-  

layer  insu lat ions by conducting experiments $11 stacks o f  t h i n  layers 

of s ta in less s tee l  I too l  s tee l  razor blade s tee l  phenolic lan inate 



and brass t o  detervine the variatiuns o f  thermal conductances w i t h  

applied load.  

ance per u n i t  area w i t h  reduction o f  contact  pressure was more rapid 

t h a n  Holm's (17)  prediction o f  the square roo t  r>f the pressure. 

ads also noted t h a t  for their results the equivalent thermal conduct- 

i v i t y  of the test  samples was proportional t o  the square root of the 

h u h  thermal conductivity o f  the test materials. 

They found t h a t  the decrease i n  the contact conduct- 

I t  

As pointed o u t  above and i n  a previous report (24) results on 

thermal conductance of metal1 ic  contacts w i t h  nterstitial f i l l e rs  are 

rather limited. The information which is avai able i s  dispersed over 

a wide range of intersti t ial  f i l l e rs  subjected t o  numerous tes t  condi- 

tions w i t h  empkasis on the improvement of thermal contact conductance 

of a j o i n t .  However, only a few investigators (6 ,  8, 12 ,  13, 14, 19, 

20, 22,  26 ) have tried t o  f i n d  ways of restricting heat flow between 

two surfaces i n  contact. Thus ,  there exists a need for  add i t iona l  

information on low conductance intersti t ial  materials for the purpose 

o f  designing insulated joints  and o f  predicting the results for 

thermal is01 ation. 

The primary objective of this investigation is t o  provide 

addi t ional  information on thermal contact resistance for the case of 

thermal barriers (insulators) inserted between plane parallel metal 

wrfaces and t o  determine which of the tested materials are better. 

This is to  be accomplished by the following procedure: 



1. Comparative study of a number o f  interstitial fillers at 
varying pressures and tempera tures. 

2. Check runs on the better materials for repeatability. 

3 .  Selection and more extensive study of the better insu- 
lating materials. 



CHAPTER I 1  

EXPERIMENTAL APPARATUS 

The ca lcu lat ion o f  thermal contact conductance i s  d i r e c t l y  

dependent upon the determination o f  the heat f l u x  a t  the junct ion 

and the resu l t i ng  temperature di f ference across the junction. Fo r  

an invest igat ion o f  thermal contact conductance the apparatus 

should be f l e x i b l e  enough t o  subject the t e s t  samples t o  a wide 

range o f  environmental and physical conditions, but a t  the same 

time be sophist icated enough t o  insure accurate r?asurernent o f  

these conditions. The experiences and recommendations o f  many 

pr@vious invest igators such as Blum ( 4  )s Clausing and Chao ( 7  ) 9  

F P W  (12) anB Stubtad (25) were used i n  formulating the general 

spedffcatfons f o r  the experimental f a c i  1 i ty. Since the i n t e r -  

stitial materials were! t o  be tested a t  vacuum conditions, an 
5 

MWimlmrpagta'l gullca~sum o f  10- Torr was necessary i n  the vacuum 

t e s t  chamber. Also to  yfeld a uniform heat f l u x  a t  the specimen 

fM%&f- radjation shields were i n s t a l l e d  t o  minimize surface heat 

of tk constant cross-sectional area o f  the 

Sp@cflrrarn$ --.-- - was selected t o  allow the temperature gradients i n  the 
P 

baas 60 Become unlfom. The capacit ies o f  the heat 

C h M  t6 obtain the temperature l i m i t s  o f  

approxlmately 500°F and - 3 M ) O F ,  respectively. A range o f  load 

-1m pri was selected f o r  the t e s t  conditions. 



I n  addi t ion i t  was desired t o  be able t o  vary the load on the t e s t  

column o r  separate the specimens without releasing the vacuum. 

Instrumentation f o r  measuring tcmpe;*atures , vacuum pressure, energy 

input, and load pressure were a lso incorporated. 

of the design and construction o f  the t e s t  apparatus i s  avai lable 

i n  two previous r r>or ts  (11,24). 

c l a r i t y  a general descr ipt ion i s  a lso presented i n  the fo l lowing 

sections. 

Speci f ic  de ta i l s  

However, f o r  the puyose o f  

Vacuum Faci 1 i ty 

A vacuum chamber, o i  1 d i  f fus ion  pump, mechanical forepump , 
chevron cool ing ba f f le ,  high vacuum valves, and the necessary 

vacuum pressure measuring instruments composed the vacuum system. 

A schematic o f  the system i s  i l l u s t r a t e d  i n  Figure 1. The base 

p la te  was manufactured l o c a l l y  t o  f it the design speci f icat ion f o r  

the t e s t  apparatus. To achieve the desired f l e x i b i l i t y  f i v e  

universal feed throughs were i n s t a l l e d  i n  the base p la te  t o  seal 

passages f o r  the t e s t  sect ion support rods, the heater power input,  

the thermocouples , the high pressure ni t rogen f o r  the load bel lows , 
and the heat s ink coolant. Three vacuum valves were i n s t a l l e d  t o  

i s o l a t e  d i f f e r e n t  regions o f  the vacuum system. These locat ions 

are indicated i n  Figure 1. 

A scbmat ic  diagram o f  the water cool ing system f o r  the heat 

sink, chevron cool ing baf f le ,  and the d i f fus ion pump i s  shown i n  

Figure 2. As a safety precaution a power in te r lock  was i n s t a l l e d  

i n  the water l i n e  t o  prevent overheating i n  the case o f  a cool ing 



(1) Bell Jar 
(2) Nitrogen Load Bellows Passthrough 

n 

- 
(3) Passthrough Bellows 
(4) Entry Gland 

(6)  Water Cooling Baffle 
(7) Oil Diffusion Pump 

(5) High Vacuum Valve 

($)( 12)( 14) 
(9)  ( 13) Vacuum Valve's 

Vacuum Thermocouple Gege 

(10) Ionization Gage 
(11) Nitrogen Bleed Port 
(15) Mechanical Pump 

_. 

Flgure 1, Schematic of the Vacuum System. 
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-- 
(1) Water Valve (7) Vacuum Chamber 
(2) Water Filter (8) Vacuum Valve 
(3) Water Pressure-Power Interlock ( 9 ) .  C%etrron Baffle 

(6) ?bat Sink (11) Diffusion Pmp.$orrarm 

Figure 2, D i w a w ~  OP the Water Cooling 8yr;tca. 

(4)( 5) Flowmeter (10) Di ffuoim S”ua.p-Bsrxe1 
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water loss. An NRC Model 507 ionizat ion gage and three NRC Model 

501 thermocouple gages were ins ta l led  t o  monitor the vacuum system 

operation. The locations o f  these gages are also indicated i n  

Figure 1. Throughout the tes t  program vacuum pressures from 

l o o 5  and loo6  Torr were attained by the vacuum system. 

Ins t rumnta t i  on 

Since the calculat ion o f  the thermal contact conductance i s  

large ly  dependent upon the temperature measurements , the accuracy 

o f  the thewnocouples and thennocouple readout instrumentation i s  

o f  major importance. The thermocouple c i r c u i t s  consisting o f  three 

themcouple swl tches copper-conztantan 30 gage thermocouples , two 

potted thermocouple feed throughs, terminal s t r i ps  i n  the vacuum 

chaniber, i c e  junctions and the thermocouple potenti,.neter were 

calibrated. The uncertainty i n  the temperature measurement was 

estimated t o  be 0.5 percent (24). 

Af ter  i n s t a l l i n g  the instrumented specimens i n  the t e s t  

apparatus, the thermocouple leads were attirched t o  te f l on  str ips.  

Each terminal siipported twelve themnocouples and was f i xed  t o  the 

ver t i ca l  support. rods o f  the apparatus. The thermocouple leads 

f r o m  the passthraugh were l ikewise attached t o  the terminal s t r i p  

and were shlelded from the heated and cooled portions o f  the tes t  

specirmn t o  maintain isothermal conditions a t  the terminal junction. 

External t o  the vacuum chamber, the thennocouple leads were attached 

t o  k k e l i t e  terminal s t r i ps  ir, a shielded region f ree  from a i r  

currents. Leads were run fm thaw connections t o  switches and 
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ice junctions through a grounded metal  conduit. A reference 

;unction was included i n  the c i r c u i t  f o r  each se1ec:or switch which 

i n  essence provided an individual cold junction f o r  each thermocouple. 

The cold junction thermocouples were ind iv idual ly  placed i n  small , 
o i l - f i l l e d .  glass tubes that  were immersed i n  a d i s t i l l e d  water and 

ice  bath t o  provide a constant 32°F reference temperature. The 

thermocouple outputs were recorded w i th  a Leeds and lvorthrup Model 

8686 m i l l i v o l t  potentiometer. The smallest scale d iv is ion on the 

potentiometer was 5 microvolts which represented 0 . 2 O F  f o r  copper- 

ccnstantan thermocouples f o r  the range o f  temperatures considered. 

A schematic layout o f  the thermocouple system can be found on page 

33 o f  Reference (24). 

The apparent pressure on an interface i s  calculated by c’ivid- 

ing the applied force on the specimens by the cross sectional area 

o f  the interface. The load force was measured with a BLH4 Model 

C3PI load ce l l ,  which was mounted on a mechanical scr;!w jack below 

the vacuum chamber as shown i n  Figure 5, and a PL4 Model 12OC s t ra in  

indicator. To obtatn the force actual ly applied t o  the interface, 

the measured ioad had t o  be corrected f o r  the e f fec t  o f  the pass- 

through bellows and the weight o f  the t e s t  column. The force 

correction was determined by measuring the res is t ing force o f  the 

passthrough bellows as a function o f  the bellows deflection. The 

ca l ibrat ion resul ts and techniques f o r  the load measurement was 

discussed i n  Appendix B o f  Reference (24)-  

It was o r jg ina l l y  planned t o  control B.C. power input t o  the 

heater system wi th  a variable transformer. The h a t e r  voltage and 
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current then could be measured with a voltmeter and an anmeter. 

However, l a t e r  i t  was found t o  be necessary t o  calculate the i n te r -  

face heat transfer by an energy balance method. This required an 

accurate mans o f  cont ro l l ing snd measuring the power input t o  the 

specimen. For t h i s  purpose a regulated f i l t e r e d  doc. putter supp!y 

was ins ta l led  i n  series w i t h  the powerstat cont ro l l ing the main 

heater. Voltage and current were measured with a potentiometer and 

wi th  shunt arrangeraent shown i n  Figure 3. The uncertainties i n  

these readings are estimated as 0.05 m l t s  and 200 microamperes. 

Control o f  the guard heater power was obtained by adjusting a 

variable transformer . 

Test Section 

The tes t  section was composed o f  the support frame, the tes t  

specimens, the source, the sink, the guard heater, the radiat ion 

shields, and the load mechanisai (Figure 4). The tes t  specimens 

were mounted i n  a stainless steel framework as shown i n  Figure 5. 

This par t icu lar  construction prevented the force applied t o  the 

interface frcnn being transmitted t o  the base plate. Thus, i t  was 

only necessary f o r  the base plate to .support the weight o f  the t es t  

sect! on. 

Design o f  the tes t  specimens was a major consideration f o r  

several reasons. F i r s t ,  t h e i r  size and shape dictated the dimen- 

sions for most o f  the cther tes t  section components. Second, the 

technlque used t o  evaluate the t h e m 1  contact conductance required 
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uniform heat f l u x  above and below the interface. Final ly, i t  was 

desirable t o  keep the geometry o f  the specimen as simple as possible 

t o  f a c i l i t a t e  fabr icat ing the re la t i ve l y  large number required. 

A basic cy l indr ica l  configuration was specif ied f o r  geometric 

s impl ic i ty.  The heat metering portions o f  the metal specimens were 

one inch i n  diameter and two and one-half Snches i n  length. Five 

centerl ine themcouple holes were d r i l l e d  a t  one-half inch incre- 

ments s ta r t ing  a t  one-fourth inch from the interface edge. Three 

addit ional holes, one-sixteenth inch deep were dr i l led ,  diametrical ly 

opposed t o  the f i v e  holes, f o r  measurement o f  surface temperatures, 

Detai l  drawings with the dimensions o f  the t e s t  specimens are pre- 

sented i n  Figures 6 and 7. 

Based on the temperature requirements a 300 watt Acrawatt BLOEF 

band heater was selected f o r  the heat source. The heater el.-ment 

was one and one-half inches i n  diameter by three inches long and 

was capable o f  safely withstanding temperatures up t o  600OF. The 

cooling element was constructed from a one and one-half inch diameter 

copper bar. A one-fourth inch copper cooling c o i l  was attached t o  

the external surface o f  the sink with s i l v e r  solder and the metal 

t es t  specimen was threaded i n t o  a one inch diameter hole centered 

i n  the copper bar. Cooling f l u i d s  such as water, steam, a i r ,  o r  

l i q u i d  nitrogen can be used. 
* 

The heated tes t  specimen was insulated ax ia l l y  and rad ia l l y  

t o  minimize the heat losses. The rad ia l  insulat ion was PFW glass 

insulatfon loosely packed around the heater and held i n  place by a 

t h i n  sheet o f  aluminum f c i l .  To shield other components and fur ther  
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reduce the rad ia l  heat loss, an aluminum rad ia t ion  sh ie ld  was 

located about one inch away from the insulated heater. An aluminum 

cap was placed over the cylinder formed by  t h i s  outer shield t o  

prevent rad ia t ion  t o  the instrumented section o f  the specimen. The 

a x i a l  insu la to r  was formed from three layers o f  asbestos board 

smdwiched between two one-sixteenth inch t h i c k  aluminum disks. A 

guard heater located as shown i n  Figure 4 provided a more pos i t i ve  

means of con t ro l l i ng  the conduction heat losses along the specimen. 

This control  was especial ly important f o r  the energy balance calcu- 

l a t i o n  o f  the junc t ion  heat t ransfer.  

Radiation shields were also i n s t a l l e d  t:, minimize the surface 

heat t ransfer  from the instrumented sections o f  the t e s t  specimens. 

Several d i f f e r e n t  sh ie ld  configurations were tested. One such con- 

f i gu ra t i on  was as fo l lows: 

The heated specimen sh ie la  was constructed from WRP f e l t  

formed i n t o  a cyl inder cne and one-half inches i n  diameter 

and two and one-half inches i n  length. A layer o f  aluminum 

f o i l  was secured t o  the ins ide surface o f  the cyl inder.  

s p l i t  mica disk covered w i th  aluminum f o i l  and containing 

a one and one-quarter inch diameter h a l e  was used t o  cover 

the top  o f  the sh ie ld  t o  insure complete enclosure o f  the 

heated specimen. 

from heavy duty aluminum f o i l  forced i n t o  a cy l inder  one 

and one-half inches i n  diameter and two and one-half inches 

i n  length. Wire r o l l e d  i n t o  the edges o f  the f o i l  was used 

t o  maintain the cylindrical shape o f  the sh ie ld  and t o  provide 

A 

The cooled specimen's sh ie ld  was made 



23 

a means o f  at taching the sh ie ld  t o  the cooler. 

The resu l ts  o f  the sh ie ld  conf igurat ion t e s t  y ie lded the fo l lowing 

conclusions: 

1) Shields should be maintained as close as possible t o  the 

t e s t  specimens 

2) They should cover the lengths o f  the specimens 

3)  Because o f  a large AT between the t e s t  specimens, d 

cold specimen sh ie ld  connected t o  the s ink and a hot 

specimen sh ie ld  iso la ted from the heater are necessary 

t o  maintain a small temperature di f ference between the 

shields and specimens 

4) Mul t ip le  shields only add complexity t o  the i ns ta l l a t i on .  

Thus, the f i n a l  sh ie ld  conf igurat ion used i n  t h i s  invest igat ion was 

composed o f  two one and one-half inch i n  diameter aluminum f o i l  

cyl inders two and one-half inches i n  length. The mounting proce- 

dure used was i n  accordance w i th  statement three above. 

Th: mechanical pressure applied t o  an in ter face has a major 

inf luence on the resu l t ing  thermal contact conductance. Therefore, 

the experhental apparatus had t o  incorporate a means o f  applying a 

var iable load t o  the t e s t  junct ion,  and adequate instrumentation t o  

measure the load accurately. 

a high pressure ni t rogen gas bellows chamber and a Simplex Model 52 

worr.,-gear screw jack were i n s t a l l e d  as i n teg ra l  par ts  o f  the t e s t  

apparatus. The stainless s tee l  bellows was designed f o r  the 

pressures necessary t o  provide the required one thousand ps i  speci- 

men loading. A diagram o f  the high pressirre ni t rogen system i s  

For  load appl icat ion t o  the t e s t  column 
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shown i n  Figure 8. The screw jack, located external t o  the vacuum 

chamber and below the passthroughs bellows, has a two ton capacity 

and a 15:l gear ra t i o .  

ra is ing  and lowering the specimen. The three support rods below 

the base p la te  (Figure 5) a lso served t o  keep the passthrough 

bellcws and the in ter face i n  alignment. 

I t s  purpose was t o  provide a means f o r  

The resu l t ing  experimental apparatus was tested over a 

temperature range a f  +300"F and -300°F w i th  water and l i q u i d  

nitrogen coolants, respectively, and a pressure range o f  zero t o  

1000 psi.  Surface and center1 i ne  temperatures generally agreed 

w i th in  0.5"F wf th  a maximtrm di f ference within 2.OoF f o r  the 

extreme temperature cases. The experimental values o f  thermal 

contact conductance determined w i th  t h i s  apparatus were found t o  

be repeatable and comparable t o  other put l ished data. 
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CHAPTER I 1 1  

EXPERIMENTAL PROCEDURE AND TECHNIQUES 

The experimental procedure was essential l :  same f o r  a l l  

tests. F i r s t  the c y l i n d r i c a l  metal specimens were i n s t a l l e d  and 

tested i n  a bare junc t ion  conf igurat ion and then a ,le .inch diameter 

d isc  o f  the i n t e r s t i t i a l  material was posit ioned between the metal 

specimens. The alignment o f  the t e s t  column during the evacuation 

o f  the t e s t  c e l l  was maintained by a s l i g h t  contact pressure. Owe 

the desired vacuum leve l  was obtained, the t e s t  condit ions were set  

by adjusting; the ni t rogen gas pressure i n  the load bellows, the 

power input  t o  the main heater, and the coolant f low rate. The 

guard heater was monitored and adjusted t o  niai , . .n  a temperature 

di f ference o f  less than 5°F between the guard heater and the s p x b  

men. A steady-state condi t ion was determined by pe r iod i ca l l y  re- 

cording the temperatures o f  the metal specimens a id  the inain heater. 

Steady-state condit ions were usual ly  xh ieved i n  s i x  ...s s igh t  hours. 

Generally the experimental runs, w i th  and without i n t e r s t i t i a l  ma t -  

e r i a l s ,  were conducted iIi the order o f  increasing load pressure. 

The thermal contact conductance values l i s t e d  i n  the Appendix A - 
were obtained from the r a t i o  o f  the in te r face  heat f b x  t o  the 

junc t ion  telnperature dif ference. The heat f l u x  was calculated by the  

product af  the thermal conduct iv i ty  o f  the metal t e s t  specimen and the 

temperature gradient. I n  a l l  tes ts  one o f  the specimens was a t  a 
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more extreme temperature (+ 300°F or  - 30O0F), A i l e  the other was 

mch nearer the aatbient conditions o f  70°F to 90°F. Since the 

temperature measurement er ror  should !x less art' the assumption o f  

one-dimensional heat flow bet ter  f o r  the ambient temperature speci- 

men, the heat f l ux  calculated f o r  t h i s  specimen was used i n  calcu- 

lat ions o f  the t h e m 1  contact conductance. The temperature versus 

pasitiocr p l o t  for the netal  t es t  specinen was usually l i near  and the 

slope easi ly discernable, ibwever, there exists some uncertainty 

i n  the selection o f  the "best" temperature gradient. This i s  

especially t rue f o r  the aluminum tes t  specimens and t n t e r s t i t i a l  

materials with contact conductance values o f  less than 5 Btu per 

hr. f tZoF. For t h i s  reason, a naxiruurn and a nfnirmm slope o f  the 

temperature gradient were estimated. This ranqe o f  temperature 

gradient usually gave a dif ference between the frigh and low values 

o f  contact conductance o f  from 2 t o  3 Btu per hr, f t2 "F  f o r  h values 

less than 10 Btu per hr.ftZoF. The d i f f i c u l t y  o f  ascertaining the 

"best" slope was increased with decreasing contact conductance. For 

example, wi th the alminrsn tes t  specimens and an i n t e r s t i t i a l  mater- 

i a l  such as the f e l t *  or laminate wi th a value o f  h less than 2 Btu 

per hr.ft20F, a zero temperature gradient can be obtained by allow- 

ing a deviation o f  1/2"F i n  the temperature readings. Thus, t o  

provide a better estimate o f  the thermal contact conductance f o r  these 

extreme cases (low walues o f  h), the heat f l u x  was a l s o  calculated by 

determining the energy losses from the heated specimen. This method 

is discussed l a t e r  i n  t h i s  chapter. 

* 1nters t i t .a l  Materials are l i s t e d  i n  Table 2. 
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Since the thermal conductivity o f  the metal specimens (which 

act as heat meters) i s  essential t o  the calculat ion o f  the thermal 

contact conductance, an apparatus t o  experimentally ve r i f y  the use 

o f  the published values o f  t h e m 1  conductivity was constructed. The 

apparatus consisted o f  a central heater sandwiched between two 1 5/8" 

diameter x 4" cylinders o f  the tes t  material. Each end o f  t h i s  tes t  

column was attached t o  a l i q u i d  cooled p la te and heater combination. 
/ A selected temperature gradient could be maintained by adjusting , 

heater power inputs. Temperatures were obtained from thermocouples 

inserted i n t o  the tes t  material a t  one-half inch intervals. The 

experimental resul ts ve r i f i ed  the use o f  published values o f  the 

thermal conductivity. A discussion o f  these resul ts i s  given i n  

Reference (24). The thermal conductivi ty values which were selected 

a r e  from References (10,27) and are graphically i l l us t ra ted  i n  Figure 

9. 

Metal Test Specimen and I n t e r s t i t i a l  Material Preparation 

Since the surface f i n i s h  o f  the metal t e s t  specimens (heat 

meters) could influence the thermal contact resistance, the contact 

surfaces were carefu l ly  f inished i n  an ident ical  manner f o r  a l l  t e s t  

specimens. Each specimen, a f te r  i t  was machined, was placed i r r  a 

brass j i 9  which held the specimen i n  a ver t i ca l  posi t ion and the 

contact surfaces lapped on a Lapmaster 12. Af ter  the lapping process 

the specimen was polished t o  renlove any oxide layers. The surface 

was then checked for flatness deviation by interference ref ract ion o f  

a helium l i g h t  source on an opt ical  f l a t  o f  quartz glass. Traces o f  

thc surface p ro f i l es  were also obtained with a Bendfx M i c r m t r k a l  
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Proficorder and profilometer. The resul t ing surface f o r  each o f  the 

specimens was found t o  have a f lainess o f  20-25 p in.  and a roughness 

o f  3-5 p in.  

Abbott ( 1  ) had previously considered several d i f f e ren t  tech- 

niques f o r  constructing and i n s t a l l i n g  the thermocouples i n  the metal 

specimens. The method which he suggested was followed f o r  the tes t  

specimens L;' i n  t h i s  investigation. The thermocouples were con- 

structed by tw is t ing  approximately one-fourth inch o f  the copper and 

constantan wires together. Then t o  improve the mechanical strength 

the junct ion was s i l v e r  soldered. Af ter  which the excess wire was 

trimmed t o  the point  where the wires f i r s t  made contact. The com- 

p%ed themcouples were ins ta l led  i n  the specimen by care fu l l y  

packing the cav i ty  around the thermocouple wi th  aluminum powder. 

An x-ray o f  the f i r s t  two sets o f  aluminum specimens was made t o  

ascertain any d r i l l  run-out, dfscontinuity o f  the thermocouple, o r  

improper packing o f  the thermocouple. Since the specimens were 

found t o  be dimensionally correct and the thermocouples well-packed, 

the x-ray procedure was deemed unnecessary f o r  l a t e r  specimens. As 

- a f i n a l  check the continuity.of the themcouples was checked before 

and a f t e r  packing by measuring t h e i r  e lec t r i ca l  resistance. During 

the thermal tests the surface and center1 ine thermocouples G?neral l y  

agreed wi th in  Q.S°F. Only i n  the extreme temperature cases o f  + 300°F 

and - 3 0 Q O F  d id  they deviate from one another as much as 2 O F .  To 

reduce heat transfer from the thermocouple junct ion the thermocouple 

leads were wrapped t i g h t l y  around the specimen. 
, 

Since the i n t e r s t i t i a l  materials were usually i n  bulk fom, 
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The preparation o f  the t e s t  specimens involved the cu t t i ng  o f  the 

mater ia ls i n t o  one inch diameter disks and the cleaning o f  the disks 

t o  insure tha t  there was no contamination which could e f f e c t  the 

t e s t  results. 

f o r  the purpose o f  determining any permanent deformation which was 

due t o  the applied pressures and temperatures during each t e s t  

series . 

I n i t i a l  thickness o f  the t e s t  specimens were taken 

Ca 1 cu l  a t  i 01: Techniques 

Thermal contact conductance i s defined 

h = q/ AT 

The ax ia l  temperatures i n  the metal specimens were p lo t ted  versus 

distance from the interface, and extrapolated t o  the in te r face  by a 

least-square f i t t o  the measured temperatures. Hence AT was simply 

the di f ference between the junct ion temperatures found f o r  the high 

and the low tm,perature specimens. Since the thermal conduct iv i ty 

o f  the metal  t e s t  specimens was known (Figure 9 ) ,  the heat flux, 

q -  was calculated as the product o f  the temperature g r a d i c t  i n  the 

metal specimen nearest room temperature and the thermal conduct iv i ty.  

This method o f  ca lcu lat ion proved t o  be very sat is factory  for the 

bare junc t ion  runs and f o r  mater ia ls having thermal conductance values 

greater than 10 3tu/hr f t2"F. However, as indicated e a r l i e r  i n  t h i s  

chapter, there i s  a degree o f  d i f f i c u l t y  i n  ascertaining the "best" 

slope. This uncertainty becomes extremely important i n  the calcula- 

t i o n  o f  q when the temperature gradient i s  on the order o f  1°F per 

inch. For these low heat f lux runs the heat f l u x  was c a l c u l a t d  by 
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an energy balance on the heated specimens (11). 

The procedure f o r  ca l i b ra t i ng  the apparatus f o r  the energy loss 

from the heated specimen was essent ia l ly  the same whether l i q u i d  n i t r o -  

gen o r  c h i l l e d  water was the coolant. The main di f ference being the 

. temperatures o f  the specimens. With water the heated specimen was 

operated a t  temperatures up t o  300°F but w i th  l i q u i d  ni t rogen the 

heater surface was maintained a t  approximately 1OOOF. Power input t o  

the heater was measured a t  several d i f f e r e n t  heater surface tempera- 

tures w i th  the metal t e s t  specimens contact surfaces separated s l i g h t l y  

i n  the vacuum environment. Coolant f low was maintained t o  obtain speci- 

men and rad ia t ion  sh ie ld  temperatures close t o  those encountered dur- 

i ng  tes ts  o f  i n t e r s t i t i a l  materials. The emiss iv i t ies  o f  the alum- 

inum and the stainless s tee l  specimen surfaces were estimated as 

0.2. Since the temperatures o f  the specimens and shields were 

measured, the heat t ransferred by rad ia t ion  from the instrumented 

sect ion o f  the heated specimen t o  the rad ia t ion  shield, and from one 

specimen t o  the other across the gap a t  the contact could be e s t i -  

mated. Subtracting these losses, an estimated loss f o r  the thermo- 

couofe leadss and a heater I R loss from the power input gave the 

energy t ransferred from the heater region by radiat ion. For the 

ca l ib ra t ion  runs the guard heater was monitored very c losely t o  

maintain a small temperature dif ference across the ax ia l  insu lator  

separating the metal specimen from the guard heater ( less than 3OF). 

Div is ion o f  the heat loss, Qg, from the heater by the temperature 

t o  the four th  power dif ference between heater surface and sh ie ld  

y ie lded a heat loss coe f f i c i en t  f o r  the heater region. Thus the 

2 
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junct ion heat t ransfer  f o r  the low heat f l u x  runs could be estimated 

very c?osely by subtract ing the calculated energy losses from the 

heater power input. 

1 2 specimen surface rad ia t ion  
Qj = Qinput - I r - Q R -  [loss and thermocouple loss 

where Q. i s  the heat t ransfer  a t  the junct ion and Q, i s  the rad iat ion 

loss from the heater surface which i s  calculated wi th  the heat loss 

coe f f i c i en t  and the heater and sh ie ld  temperatures. 

J 

For the 

with water as 

approximately 

o f  0.9 Btu/hr 

higher junc t ion  tempeetwe runs (aluminum specimens) 

the coolant the junct ion temperature di f ference was 

2OO0F, so f o r  an e r ro r  i n  Q. o f  one Btu/hr an er ro r  

f tZ0F i n  h would resu l t .  However, comparison w i th  the 
3 

h values determined w i th  the thermal conduct iv i ty and temperature 

gradient f o r  the higher heat f l u x  cases such as asbestos board a t  

100 and 300 ps i  and carbon paper a t  300 ps i  indicates tha t  the e r ro r  

i n  h i s  wi th i r  0.2 Btu/hr f t20F. Thus the uncertainty i n  ca lcu lat -  

ing  Q. by the heat loss ca l i b ra t i on  can be estimated as 0.2 t o  0.3 

Btu/hr. As a r e s u l t  o f  the d i f f i c u l t y  w i th  measuring the temperature 

gradient f o r  a small junct ion heat f lux,  stainless steel  specimens 

were constructed t o  replace the aluminum. With an assumed maximum 

uncertainty i n  the temperattire slope o f  O.S0F/inch the approximate 

uncertaint ies i n  the calculated heat t ransfer  f o r  the d i f f e r e n t  

specimens (heat meters) are: 

J 

anneal ed a1 umi num 3 Btu/hr 

as received aluminum 2 Btu/hr 

stainless steel 0.3 Btu/hr 
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For  Comparison, the high temperature runs wi th  the heated specimen a t  

300°F generally gave a AT o f  approximately 200°F f o r  the bet ter  i n -  

su la t ing materials. With t h i s  AT and the uncertainty i n  the calcu- 

la ted heat t ransfer  the approximate uncertainty i n  h would be: 

annealed a1 umi num 

as received aluminum 

stainless steel 0.3 Btu/hr f t 2 0 F  

These values wou?d be reduced s l i g h t l y  f o r  the cold runs since the 

3 Btu/hr f t 2 " F  

2 Btu/hr f t2 ,F 

U 

AT was increased i n  those runs t o  as much as 400°F. Therefore, the 

energy balance method i s  preferred f o r  use w i th  the aluminum speci- 

mens when the temperature gradient i s  less than 1 t o  1 1/2 "F/inch, 

which corresponds t o  values o f  h between 5 and 7 Btu/hr f t  O F  f o r  2 

the high temperature runs. On the other hand w i th  stainless steel  

specimens the uncertainty i n  h f o r  e i t h e r  method o f  ca lcu la t ins  

Q. seems t o  be approximately the same, 0.3 Btu/hr f t 20F .  Although 

a heat balance ca l i b ra t i on  was performed with the stainless steel  
3 

specimens the values o f  h calculated by k and the temperature gradient 

are preferred. The energy balance method w i l l  become less accurate 

with increased junc t ion  heat t rans fer  because the heater thermocouple 

no longer gives a good representative value f o r  the e n t i r e  surface. 

Also during opening and closing the vacuum system t o  i n s t a l l  new 

t e s t  samples the attachment o f  the thermocouples t o  the shields and 

the locat ion o f  the shields can be inadvertent ly changed between 

runs. Thus tbe heat loss method was used only t o  check the order o f  

magnitude o f  h and the operation o f  the t e s t  apparatus f o r  the 

stainless steel  runs. 
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Compression Tests 

Since the i n i t i a l  thicknesses o f  the d i f f e r e n t  i n t e r s t i t i a l  

mater ia ls are cot  the same and because the thickness, E ,  varies w i th  

the load pressure, the comparison o f  the junc t ion  therma resistance, 

R = ?/hA, f o r  thk d i f f e r e n t  mater ia ls should account f o r  the mater ia l  

thickness. A bet ter  comparison would be the thermal res stance per 

u n i t  thickness R/l. 

advantage o f  having a desired u l t imate l i m i t  o f  zero rather  than 

i n f i n i t y .  

tes ts  were run on i n t e r s t i t i a l  mater ia l  samples tha t  were s i m i l a r  t o  

those used f o r  the thermal tests .  An i n i t i a l  t e s t  run t o  1000 pounds 

was made without an i n t e r s t i t i a l  mater ia l  t o  measure any de f lec t ion  

i n  the compression apparatus. 

one-inch diameter aluminum rods w i th  an attached extensometer. Since 

no def lect ion o f  the apparatus was encountered, one inch diameter t e s t  

samples were measured f o r  i n i t i a l  thickness w i th  a micrometer and 

placed i n t o  pos i t ion between the ends o f  the aluminum cyl inders.  A 

continuously increasing load was then applied up t o  300 l b s  w i th  

d i a l  ind icator  readings taken a t  designated increments. The e f fec t i ve  

compressive s t r a i n  (lo /h) o f  the t e s t  mater ia ls are i l l u s t r a t e d  as 

a funct ion o f  pressure i n  Figure 14. 

procedure followed f o r  the compression tes ts  are avai lab le i n  Refer- 

ence (24). 

The inverse o f  t h i s  ra t i o ,  R/R = h A R, has the 

To obtain the necessary thickness information, compression 

The apparatus i t s e l f  consisted o f  two 

-R 

More de ta i l s  concerning the 

To ascertain whether o r  not the compressive s t r a i n  i s  inf luenced 

by the i n i t i a l  thickness, compression data were obtained f o r  mu l t i -  

layer  samples o f  carbon paDer and mica.  For carbon paper one, three 
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and s i x  layers were consecutively tested. The resu l t ing  compres- 

s ive s t r a i n  curves agreed w i th in  four  percent c f  each other. How- 

ever, t h i s  was not the case f o r  mica i n  which one, three, and f i v e  

layers were tested. 

values f o r  three and f i v e  layers are less than the s ing le layer  by 

the approximate f rac t iona l  r e l a t i o n  o f  one over the number o f  layers. 

Fry (15) stated t h a t  h i s  tes ts  indicated t h a t  the thermal resistance 

o f  mica was due mainly t o  a surface contact resistance rather  than 

the bulk mater ia l  resistance. The compression curves could be 

explained as a surface e f f e c t  which would agree w i th  Fry's observa- 

t ion.  

paper which i s  a very p l i a b l e  and loose mater ia l  i s  independent of 

the i n i t i a l  thickness. Therefore, the thermal resistance o f  the 

carbon paper w i l l  be p r imar i l y  a r e s u l t  o f  the e f f e c t i v e  thermal 

conduct iv i ty and not contact resistance. 

I t was observed tha t  the compression s t r a i n  

I n  contrast  wi th  mica, the compressive s t r a i n  f o r  carbon 



CHAPTER I V  

EXPERIMENTAL RESULTS 

Good insu la t ing  mater ia ls are usual ly not compact. I n  fact ,  

i n  a vacuum environment, the very small e f f e c t i v e  thermal conduc- 

t i v i t y  o f  most mater ia ls i s  due i n  p a r t  t o  the voids i n  the mater ia l .  

However, the appl icat ion o f  any compressive mechanical load can 

cause an i r reparable reduction i n  the insu la t ing  capab i l i t y  f o r  such 

materials. Thus t o  insu la te  metal-to-metal contacts which are 

pressed together, f o r  example i n  a bol ted flange configuration, 

mater ia ls tha t  can withstand compressive loads are necessary. 

Since the heat transfer a t  the insulated junc t ion  i s  a funct ion of 

the thermal conductfv i ty o f  the i n t e r s t i t i a l  mater ia l  and the 

contact area, the materia7s can be i n  the form o f  sheets o r  disks, 

powders, screens, o r  perforated disks. The suppl ier  and the ava i l -  

able manufacturers data f o r  the i n t e r s t i t i a l  materials tha t  were 

tested are l i s t e d  i n  Table 2. A l l  o f  the thermal t e s t  resu l ts  f o r  

these mater ia ls are tabulated i n  Appendix A. I n  t h i s  p a r t i c u l a r  

tab le  the run numbers such as 4-CA-25 have the fo l lowing s i g n i f i -  

cance: 

1. The f i r s t  d i g i t  represents the metal t e s t  specimen se t  

f o r  t h a t  run. Table A 4  i n  Appendix A l i s t s  the type o f  

metal and the surface roughness and f latness devlat ions 

f o r  the t e s t  specimens, 
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TABLE 2 

MANUFACTURER'S PROPER .( DATA 

MATERIAL RUN SUPPLIER K P VACUUM WEIGHT 
Btu/hr.ft"F l b  /ft3 m SYMBOL 

Asbestos AB 
Board 

Asbestos AT 
Tape 
(No. 2074) 

Carbon CA 
Paper 
F-907 

Ceramic CE 
Paper 
970-3 

WRP-X-AQ FE 
Fe l t  

Laminate LA 
f-30LR 

Magnesia 25 MA 

Mica MI 
(Bonded) 

Pluton B-1 PL 
Cloth 

@ 

Pyroid PY 

S i l i c d  SI 
Paper 
F-904 

S.S. Screen SS 10 
10/in 

Johns- -0.04 - 100°F 136 
Manville -0.06 - 500°F 

A t l a s  -0.12 300°F -55 0.985 
Asbestos 
Company 

F i  ber i  t e  0.2 - 300°F -9 0 . 993 
Corp. 

Carborundw 0.03 - 4OOOF -1: 0 . 999 
Company 0.10 -1600°F 

Refractory 0.04 - 500°F 18 0.995 
Products Co . 0.12 -2009" F 

Carborundum 0.37 - 250°F -50 0.989 
Company 0.13 -2000°F 

Regan .21- 1CO"F 13 0.999 
Engineering 1.24 -1000°F 

3 M 0.02 - 80°F 87 --- 
Company 0.03 - 180°F 
Pyrogenics 1.00 - 70°F 162 
IncorporatedO. 30 -50OO0F 

Fiber i te  - 0.10 - 3 0 O O F  - 7  0 0.992 
Corp. 

0-0 -- -9.30 - 212°F -500 
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TABLE 2 (Cont'd) 

MTER IAL RUN SUPPL I ER K P VACUUM WEIGHT 
Btu/hr.ft°F l b  /ft3 m SYPBQL 

S.S. Screen SS 100 --- -9.30 - 212OF -500 -0- 

leQ/in 

Teflon TE ihPont 1.35 lOOOF -10 00. 

Sheet Co . 
Titanium T I  1G Newark -11.6 .- 200°F -276 
Screen Wre Cloth 
:!)/in company 

Tungs ten w20 Ikmrk  -96 - 32°F 
Screen M i r e  Cloth -70 932°F -1210 
20/in CoRgany 

Zirconia 23 21 Degussa -1.08 - 212°F -355 --. 
Inc. 
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2. The l e t t e r  code represents the type o f  i n t e r s t i t i a l  mat- 

e r i a l .  These are defined i n  Table 2. I n  the example 

used, CA means carbon paper. 

3. The f i n a l  d i g i t s  correspond t o  the tes t  run i n  chrono- 

logical  order f o r  a par t icu lar  set o f  metal t es t  speci- 

mens, L e .  i n  the exarnple chosen t h i s  i s  the twenty-f i f th 

run with specimen set 4. 

I n  addit ion t o  the various i n t e r s t i t i a l  material tests, runs 

without i n t e r s t i t i a l  materials were also conducted wi th  each tes t  

spscimen set. The purposes f o r  these bare junct ion tests were t o  

provide B comparison f o r  the insulat ing materials and t o  check 

whether o r  not the tes t  specimen surface conditions had changed. 

Test resul ts f o r  the barejunction runs are also tabulated i n  

Appendix A (Table A-2). 

Bare Junction Tests 

The tes t  resul ts through run 4-BJ-31 with Aluminum 2024 

specimens have previously been reported i n  Reference(24) However, 

a l l  a f  the resul ts have been repeated i n  Table A-2 o f  Appendix A 

f o r  completeness. The i n i t i a l  spcinens (set 1) were machined 

from "as received" aluminurn stack. After several t e s t  runs a t  the 

higher temperatures, an obvious change i n  the material properties 

o f  the heated specimen was observed. For example, i t  was noted 

that  tt? r a t i o  of the teqera ture  gradient i n  the heated specimen 

t o  that  i n  the cooled specimen had increased from 1.28 t o  1.4. This 
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new r a t f o  o f  1.4 corresponded t o  a thermal conductivity r a t i o  o f  

annealed aluminum i n  the heated specimen t o  as received aluminum 

i n  the cooled specimen. This property var ia t ion which must be 

at t r ibuted t o  a slow annealing o f  the heated specimen while sub- 

jected t o  a compressive load caused a d e f i n i t e  change i n  the bare 

junct ion h values. These values s ta r t ing  from run 1-P3-16 are shown 

by the flagged symbols i n  Figure 10. Thus i n  a l l  o f  the comparative 

runs wi th  specimen set 1 , from run 1-SI43 on, the heated specimen 

was considered as annealed and the cooled specimen as "as received". 

Since the heat transferred was calculated by the temperature gradient 

i n  the cooled specimen, the h values f o r  i n t e r s t i t i a l  materials 

found wi th  set 1 were not effected. This was confirmed by l a t e r  

repeat runs with other metal t e s t  specimen sets. To assure that 

the meta7 properties would not change i n  future tests, beginning 

wi th  set 2 a l l  aluminum specimens were annealed by heating i n  an 

oven t o  600OF f o r  twenty-four hours p r i o r  t o  f in ish ing  the contact 

surface. 

Many bare junct ion tests were interspersed between the in te r -  

s t i t i a l  material runs t o  check f o r  changes i n  the surface conditions. 

I n  some cases large variations i n  the h values from those o f  previous 

runs were observed. These were found t o  s i  the resu l t  o f  some sur- 

face change such as oxidation, contamination by the previous in te r -  

s t i t i a l  material, or  a scratch or  imperfection. Only i n i t i a l  t es t  

runs with each specimen set (i.e. before i n t e r s t i t i a l  material runs 

or  t es t  runs a f t e r  cleaning the contact surfaces)are plot ted i n  
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FIGURE 10. Thermal Contact Conductance o f  Bare Junctions 
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Figure 10 t o  establ ish a bare junct ion curve f o r  comparison wi th  

i n t e r s t i t i a l  material values. The aluminum was extremely prone t o  

contamination and oxidation. To l i m i t  the degree o f  oxidat ion the 

t e s t  specimens were allowed t o  cool i n  the vacuum chmber a f t e r  a 

test .  Then ni t rogen gas was released i n t o  the vacuum chamber t o  

a i d  i n  the f i n a l  cool ing before opening the b e l l  j a r .  As an example 

o f  the e f f e c t  o f  contamination, run 4-83-20 decreased t o  55 percent 

o f  the value o f  the previous run 4-&I-17. 

e r i a l s  such as the f e l t ,  laminate, and ceramic paper leave a s l i g h t  

residue on the contact surfaces a f t e r  a test .  A f te r  cleaning the 

contact surface the h value f o r  the subsequent run, 4-BJ-30, in- 

creased by 11 percent over the previous run. S i m i l a r  s i tuat ions were 

observed between runs 4-83-40 and 41 , and runs 4-M-1 and 9. Smal l  

imperfections i n  the form o f  oblong dents were l e f t  i n  the aluminum 

metal specimen surfaces a f t e r  the screen tests. l h e  subsequent 

bare junc t ion  run (1-BJ-63) showed a large decrease i n  h as would 

be expected. Also previous invest igators,  such as Fr ied (13) and 

Clausing and Chao ( 7  ), have found tha t  the deviat ion i n  t h e i r  

smooth surface h values i s  g rea t ly  increased over t h a t  f o r  rough 

surfaces. 

It was observed that mat- 

I n t e r s t i t i a l  Mater ia ls 

A sumnary o f  a l l  o f  the t e s t  resu l ts  f o r  the seventeen i n t e r -  

s t i t i a l  mater ia ls l i s t e d  i n  Table A3 i s  given i n  Appendix A. A 

discussion o f  the uncertainty i n  h values i s  presented i n  Appendix 6. 
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For the purpose o f  comparing the insulat ing performance o f  the 

materials a f i r s t  series o f  runs from 100 ps i  t o  300 ps i  load pres- 

sure was conducted with each o f  the d i f fe ren t  materials and aluminum 

specinen sets 1 and 2 (Runs I - S I 4 3  through 2-SS10-18). These 

comparison runs were a l l  a t  an average junct ion temperature o f  

approximately ZOOOF.  Cold runs 3-AB-6 through 3-SS10-24 with l i q u i d  

nitrogen as the coolant were next run with specimen set 3 and some 

o f  the better insulators t o  obtain a comparison between a 200°F and 

a -100°F mean junct ion temperature. As a resu l t  o f  the comparison 

tests, the seven materials which had the lowest h values were 

rerun with specimen sets 3 and 4 t o  t e s t  the repeatabi l i ty  o f  the 

experimental results. These repeat runs were conducted f o r  both 

the high and the low junct ion temperatures and the resul ts agreed 

very closely with the previous values o f  h. Special run.j such as 

increasing and decreasing load, rougher surface and mult i layers 

were conducted with specimen set 5. On page 27, the d i f f i c u l t y  o f  

measuring temperature gradients was explained. To a l lev ia te  t h i s  

problem stainless steel 304 specimens (set 6) were constructed. 

Since the r a t i o  of the thermal conductivi ty o f  the aluminum t o  the 

stainless steel i s  approximately 10, the temperature gradients were 

i ncreased t o  easi l y  determined magnitudes. 

A second series (MIB)* of runs were made on mica t o  check the 

repeatabi l i ty  o f  the mica data. The resul t ing h values were approx- 

imately 50 percent of those obtained i n  the f i r s t  runs (#I)*.  The 

"Rc z .  * P i q l  fn Table A-3 

- -  d- - 
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mica used was supplied by a loca l  heater ma:rufacturer and was con- 

sidered an economy grade which refers  t o  the presence o f  r e l a t i v e l y  

large areas o f  d iscolorat ion.  These discolorat ions ind icate i m -  

pu r i t i es  such as s i l i c o n  and i r o n  oxides. To see i f  t h i s  had (iny 

e f fec t  another specimen (MIG)* from the same batch o f  mica sheets 

w i th  a black-gray discolorat ion, instead o f  the reddish-brown color 

which was used i n  the second ser ies  was tested a t  a load o f  100 psi.  

The resu l t i ng  h value was approximately 83 percent o f  the i n i t i a l  

value a t  the same pressure. A subsequent bare junc t ion  run indica- 

ted t h a t  the surfaces were oxidized. A f te r  c learning the surfaces, 

another specimen containing the same d isco lorat ion as the previous 

one was run a t  100 psi. An h value o f  approximately 96 percent o f  

the i n i t i a l  was obtained. Although the low h values obtained f o r  

the second set  o f  runs could be a t t r i bu ted  somewhat t o  oxidat ion o f  

the aluminum specimen surfaces, i t  seemed more l i k e l y  that impuri t ies 

i n  the mica, and perhaps possible misalignment o f  the specimens were 

more probable reasons. Therefore, t o  avoid the problem o f  wariations 

i n  the t e s t  samples a be t te r  grade o f  mica (c lear  grade) was ordered 

and then tested t o  demonstrate the repeatab i l i t y  o f  mica data. This 

series o f  runs (MIC)* were conducted w i th  stainless steel  304 metal 

specimens and yielded h values w i th in  ten percent o f  the second 

set  o f  runs. Recent tes t ing  w i th  the c lear  grade o f  mica found tha t  

the experimental data t o  compare. The resu l ts  o f  these addi t ional  

tests w i l l  be presented i n  a fu tu re  report.  

*Refers t o  notat ion i n  Table 8-3 



46 

LL 
0 
0 

cu 
i 

II 

E 
I- 

0 a 
0 
F 

0 
0 
00 

0 
0 
ro 

0 
0 
d 

0 
0 
ru 

0 

0 



47 

To demonstrate the e f fec ts  o f  i n i t i a l l y  compressing the sheet 

materials a series o f  increasing load pressure runs t o  1000 ps i  and 

two re tu rn  runs a t  reduced loads o f  550 ps i  and 100 ps i  were con- 

ducted wi th  a sing:e layer  o f  (0.176 inches th i ck )  WRP-X-AQ f e l t  

(Figure 11). These runs were made w i th  annealed aluminum specimens 

w i th  average t e s t  specimen temperatures o f  approximately 300°F and 

70°F (Runs 4-FE-44 through 4-FE-50). The increases i n  thermal 

contact conductance f o r  500 and 100 ps i  were 50.3 and 233 percent, 

respectively. 

For the purpose o f  determining the magnitude o f  the e f f e c t  

o f  metal specimen contact-surface roughness, the low temperature 

specimen f o r  set  5 ( L e .  , attached t o  the s ink) tdas ref in ished w i th  

a la the  cut. This a r t i f i c i a l l y  roughened the surface t o  approxi- 

mately 200 - inch roughness w i th  a c i r c u l a r  pat tern but w i th  no 

appreciable change i n  the f latness. Three bare junc t ion  runs were 

made w i th  t h i s  new surface a t  100 and 300 ps i  and a repeat run a t  

100 ps i  (Runs 5-BJ-1 5-BJ-2, 5-83-6). The resu l t i ng  h values 

were found t o  be 20 t o  21 percent lower and 7 I;zrcent higher than 

the respective values established by the runs 4-BJ-19, 20, and 40. 

Clausing and Chao ( 7  ) found t h a t  the microscopic cons t r i c t ion  

resistances was neg l ig ib le  by comparison w i th  the macroscopic 

r e s i s t a n c ~ .  Therefore, i t  appears t h a t  the roughened surface d i d  

not appreciably e f f e c t  the macroscopic resistance. A change i n  

surface f latness however may have a much la rger  e f fec t .  Subsequent 

runs a t  300 ps i  w i th  carbon paper (5-CA-4) and asbestos board 
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(5-AB-3) d i d  not deviate from the values obtained w i th  the smoother 

surfaces. Since these mater ia ls demonstrate a thermal resistance 

due t o  a bulk mater ia l  resistance, t h i s  would be expected. The run 

w i th  mica (5-MIC-5) gave a lower h value than w i th  the smooth 

specimen surface (6-MIC-20) by 9 percent. Again, t h i s  i s  expected 

i f  a junc t ion  colltact surface resistance i s  important f o r  mica, 

Since the h values measured w i th  s ta in less s tee l  specimens 

(se t  6) are i n  agreement w i th  the previous resu l t s  w i th  aluminum 

specimens i t  i s  concluded t h a t  the metal surface hardness does 

not have an appreciable e f f e c t  on the layer  o r  sheet materials. 

However, recent t es ts  w i th  s ta in less s tee l  screens and s ta in less 

steel  specimens demonstrate the expected reduction i n  h w i t h  

increased hardness. The d e t a i l s  o f  the tes ts  w i th  screens w i l l  be 

discussed i n  a fu tu re  report.  

Mul t i - layer  tes ts  were conducted on mica (5 layers which have 

an overa l l  i n i t i a l  thickness o f  0.0372 inches) and carbon paper 

(6 layers which have an overa l l  thickness o f  0.330 inches) a t  

pressures o f  100 ps i  and 300 ps i .  The t e s t  resu l ts  f o r  these runs 

are compared i n  Table 3. Although the mu l t i l aye r  configurations 

f o r  both mater ia ls decrease the overa l l  junc t ion  thermal conductance, 

h, the d i f f e r e n t  behavior between these two types o f  mater ia l  i s  

i l l u s t r a t e d .  The r a t i o  o f  rhe compressed thickness o f  a s ing le  t o  

a f i v e  layer  stack o f  carbon paper disks i s  compared with the r a t i o  

o f  the resu l t i ng  junc t ion  h values. Hence, the product, h&,is a 

constant (w i tb in  the experimental uncertainty; f o r  mater ia ls l i k e  



carbon paper, so the junc t ion  thermal conductance i s  a funct ion 

o f  the thermal resistance o f  the i n t e r s t i t i a l  material and not 

the surface contact. 

mica show tha t  a surface contact resistance, which varies w i th  load 

pressure, i s  present. Hence the junc t ion  t h e m 1  conductance i s  not 

decreased by a r a t i o  o f  thicknesses but i s  a reduced fac to r  o f  the 

thickness r a t i o .  

I n  contrast t o  t h i s  the same comparisons f o r  

TABLE 3 

TABULATED RESULTS OF HOCTILAYER 

TEST 

T h A Ratio f, &Rat io  a m RUN P 
P s i  O F  Btu/hr ft2'F fn 

6-CA6-9 112 192 0.89 .14260 

6-CA-13 108 204 5.85 .02390 
6.57 6.00 

6-(36-10 31 3 193 1.80 .l115Q 

6-CA-14 31 5 21 1 11.2 6*22 .0179Q 6.23 

6-MfC5-15 107 21 6 9.09 .01623 

6-h. 9 106 253 32.3 .00245 
3.55 6.62 

6-MIC5-16 31 2 227 16.8 .01596 

6-MIC-20 309 268 65.5 .00231 
3.90 6.91 
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Since the heat t ransferred a t  a junc t ion  between metal surfaces 

i s  s ign l f i can t l y  e f fected by small var ia t ions i n  the contact drea, 

the insu la t ing  ef fect  o f  an i n t e r s t i t i a l  mater ia l  t k a t  reduces the 

heat t ransfer area i s  obvfous. Perforated sheets, a r t i f i c i a l l y  

roughened o r  corrogated surfaces , and wire screens represent such 

geometric insu la t ion  materials. Wire screens have the advantage o f  

l i m i t i n g  the contact area with the plane metal surface t o  the regions 

where the wi re weave o f  the screen overlaps. Also, the inner contacts 

o f  the wire, because o f  the woven structure, o f f e r  addi t ional  res is -  

tance t o  heat t ransfer.  

Three d i f f e r e n t  screen wi re mater ia ls were tested, s ta in less 

steel,  tungsten, and t i tanium. The t e s t  resu l ts  are tabulated i n  

Table A-3. To acquire a be t te r  understanding o f  the geometric re -  

sistance (screens) case, values o f  load per contact (Lc: and r e s i s t -  

ance per contact (R,) were calculated (Table 4). Contact points are 

assumed t o  occur where the screen wi re weave overlaps. In one square 

inch o f  surface area the number o f  such points i s  approximately equal 

t o  the mesh s ize squared. As the mesh s ize  i s  increased, Rc i s  also 

increased whi le Lc i s  decreased as shown by 10 and 100 mesh stainless 

s tee l  screens. Thus on a per contact basis, the thermal resistance 

o f  the 100 mesh screen i s  greater than the 10 mesh screen because o f  

the smaller wire diameter. However, the contact po in t  resistances 

are i n  p a r a l l e l  and y i e l d  a lower overa l l  resistance f o r  the 100 mesh 

screen as r e s u l t  o f  the la rger  number o f  contacts. Since the load 

per contact i s  known an area per c:ontact which would be a funct ion o f  
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L, could be calculated. Because the load pressure per contact i s  

l a r g e - i t  can be assumed tha t  the thermal resistance i s  due t o  a 

geometric and a material resistance i n  series, With t h i s  prace- 

dupe, the value f o r  R, can be predicted f o r  the screen w i r e .  A 

study o f  a technique f o r  p red ic t ing  the t h e m 1  resistance f o r  

screens w i l l  be presented i n  a fu tu re  report. 

TABLE 4 

TABULATED EXPERIMENTAL DATA 
FOR SCREEN CASES 

RUN #om 

2-SS10-16 

2-SS10-17 

2-W O-1 8 

3-SSl O-23 

3-SS1 0-24 

1 -SS100-57 

1-SS100-58 

1-SS100-59 

1 -TI 10-60 

7-TI 10-67 

1 -T I  10-62 

1-w-2064 

1-w-2065 

1-w-2866 

W I R E  DIA. 
in .  

0.025 

0.025 

0.025 

0.025 

0.025 

0.W 

0.m 

0. m 
0.025 

0.025 

0,WS 

,007 

m Q o 7  

0007 

LOAD/CONTACT 
lb.  

1.32 x 10" 

1.92 x 10" 

1.04 x 10" 

2.99 x lo0 
0.96 x loo2 
1.87 x loo2 

2 2.77 x 10- 

1.02 x IO" 

7.86 x 10" 

2,75 x 10" 

RESISTANC€/CMACT 
Hr "F/Btu 

8.32 x 10' 

7.39 x lo2  

1.95 lo3 

6.02 x 10' 

1.13 X lo3 
2.23 X IO4 

1.60 lo4 
1.56 x lo4 

13.45 x 18 

8.83 x lo2 
6.58 x lo2 

-0.25 x 10-1 - 4.m x lo2 

0.47 X 10'' 3.79 X 10' 

0.69 x 10" 3.10 x lo2 
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A graphical comparison o f  the junct ion heat t ransfer f o r  alumi- 

num specimens with and without i n t e r s t i t i a l  materials i s  giwen i n  

Figure 12. The curves were plot ted for the average o f  a l l  runs wi th  

water as the coolant and the heated specimen a t  approximately 3W0F. 

Since the 100 mesh SS screen i s  probably on the upper extreme o f  the 

desirable materials (on the basis o f  h), a l l  o f  the better insulat-  

ing materials such as laminate, mica, ceramic paper, etc., w i l l  be 

between the 100 mesh screen and fhe 6 layer carbon paper l ines. The 

6 layer carbon paper insu lat ion reduces the junct ion heat t ransfer t o  

less than one percent o f  the bare junct ion value. 

Since tfm i n i t i a l  thickrrcsses of  the i n t e r s t i t i a l  materials var- 

ied, a direct comparison o f  the experimental values o f  the junct ion 

tkeml contact conductance i s  not suf f ic ient .  I f  surface contact 

effects are neglected and a l inear  ternperature gradient assuRoed f o r  

the i n t e r s t i t i a l  material then, 
= h A A T =  k e A r  AT 9 

where 

e f fec t i ve  them1 conductivity. Thus f e r  t h i s  so l i d  layer o f  insula- 

t ing material 

i s  the thickness of  the i n t e r s t i t i a l  r a t e r i a l  and be i s  an 

k = hg e 
A 9QoB them1 insulat ing material would therefore have a very low 

value f o r  the product hg. This i s  compared as a function o f  

pkssure for  a l l  o f  the materials tested i n  Figure 13. However, the 

compression s t ra in  (Figure 14) curves used t o  calculate were obtained 

a t  roo~ll temperature, and some dtrvfat im i n  these cums could be 
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encountered a t  higher o r  lower temperatures depending upon the expan- 

sion or contract ion o f  the mater ia l  w i th  temperature. Since the sides 

o f  the disk are free, i t  i s  assumed tha t  any possible deviat ion i n  

R can be neglected f o r  the purpose o f  comparing one mater ia l  t o  

another i n  Figure 13. On t h i s  basis, carbon paper, ceramic paper, 

mica, s i l i c a  paper, and WRP-AQ f e l t  appear t o  be the be t te r  mater- 

i a l s .  

Although the t e s t  values are not plotted, with l i q u i d  ni t rogen 

coolant the mean junc t ica  temperature was reduced t o  approximately 

-150°F w i th  the aluminum specimens. The e f f e c t  was t o  reduce the 

values o f  h i n  a l l  cases except mica. These reductions were 

general ly from 10 t o  40 percent o f  the values f o r  the higher temp- 

erature runs. I n  some cases, notably the pluton B-1 cloth, the 

reduction was as much as 60 percent. 

i n  h can be p r imar i l y  a t t r i bu ted  t o  a reduction i n  the t h e m 1  

conduct iv i ty w i th  temperature. 

opposite manner w i th  almost a 10 percent increase i n  h folr a reduc- 

t ion i n  mean temperature from 260°F t o  -8OF (Table A-3 runs 6-NIC-17 

through 6-MIC-26). Several factors  are involved so i t  i s  d i f f i c u l t  

t o  give a quant i ta t i ve  explanation f o r  mica. The sheets from which 

the t e s t  samples were cut  var ied i n  thickness. For the high temp- 

erature runs the i n i t i a l  thickness o f  the t e s t  sample as measured 

w i th  a micrometer was 0.0034 inches whereas the t e s t  sample fo r  tke 

3. 

It i s  surmised tha t  reductions 

However, mica seems t o  behave i n  an 

krrre runs was 0.0028 inches. I f  the bulk thermal r e s i s t -  

ance o f  the material (i.e. R/kA) is predominate the h values f o r  
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the high temperature runs could be increased by a r a t i o  o f  th ick-  

nesses f o r  comparison with the lower temperature runs. Thus the h 

f o r  run 6-MIC-19 would be increased t o  39.2 t o  be compared with 

h - 35.7 Btu/hr ft2"F f o r  run 6-MIC-25. The mul t i layer  t e s t  re- 

su l t s  i n  Table 3 show tha t  the h value o f  mica would not be increased 

by the fac to r  o f  the r a t i o  o f  thicknesses but only by 53.6 percent o f  

the r a t i o  o f  thicknesses. Therefore, w i th  a 0.0028 inch sample the 

h calculated f o r  run 6-MIC-19 would be estimated t o  increase t o  36.0 

Btu/hr ft2"F. If, as the evidence seems t o  indicate, the junct ion 

thermal resistance i s  due i n  par t  t o  a surface contact . resistance the 

thickness var ia t ion  wou1U not be as important. I n  f a c t  a t  the same 

load pressure and junctic.: temperature the junct ion thermal contact 

conductance h would change only a neg l ig ib le  amount (15). By 

comparison with o t k r  mater ia ls the contact resistance could rea- 

sonably be assumed t o  decrease w i th  junc t ion  temperature. 

t e s t  resul ts  including the temperature comparison runs imply tha t  

tire junct fon t h e m 1  resistance for mica i s  a funct ion o f  both the 

material thermal resistance and a contact resistance. 

Hence the 

The primary purpose of a low conductance i n t e r s t i t i a 7  material 

i s  t o  minimize the heat t ransfer  between contacting surfaces f o r  a 

given temperature dif ference. Sfnply, the r a t i o  Qj/AT should be a 

minimum. By d e f i n i t i o n  i t  fol lows tha t  hA which i s  equal t o  keA 

should therefore be a minimum, i.e. o r  the inverse l/hA which i s  

equivalent t o  the thermal reslstance should be a maximum. This i s  

obtained by requi r ing that the effective! thermal conduct iv i ty o f  the 
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material ke = hR be a minimum. I n  addit lon, f o r  spacecraft 

especial ly, the rcquired weight may be o f  importance. This implies 

tha t  the e f f e c t i v e  densi ty pe, o f  the inaterial should be a minimum. 

Combining these c r i t e r i a ,  w i th  each being considered equally, the 

product 

should be minimized. Since a l l  t e s t  samples had the same cross- 

sectional area only hw i s  p lo t ted  i n  Figure 15. The vacuum 

weight was used i n  the ca lcu lat ion o f  hw. These were obtained 

wi th  a Cahn Model RG Electrobalance. Small but representative 

samples o f  the mater ia ls were f i r s t  weighed i n  a i r  and then i n  a 

vacuum. The r a t i o  o f  these two measurements i s  l i s t e d  i n  Table 2 

and i t  was assumed t h a t  the " i n  a i r "  scale weight o f  the thermal 

t e s t  samples would be reduced by t h i s  fac to r  i n  a vacuum. 

I n  the case o f  screens the mass o f  the t e s t  samples was calcu- 

la ted  from the t o t a l  length o f  the wire, the wire diameter, and the 

wire densit ies. Values for the densi t ies o f  stainless steel,  tung- 

sten and t i tan ium were taken ?om the eighth ed i t i on  o f  the Metals 

Handbook (21 ) . 
'SS = -500 l b / f t 3  

PW = -276 1b/ f t3  
c 

PT i  = -1210 l b / f t 3  

Since f /h i s  proport lonal t o  the thermal resistance, the product 

hw can be interpreted as the mss/therrmal resistance. Thus the 

value o f  t h i s  parameter should be a minimum far the better matar4als. 

Frm Figure 15, the magnitude o f  hw f o r  titanium screen i s  13.2 
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x 20.1 x lom3 and 27.0 x loa3 Btu l b /h r  f t2'F a t  99,186 and 

278 ps i  , respectively, and would therefore provide largest junct ion 

thermal resistance per u n i t  mass f o r  the screen case. However, w i th  

weight and thermal conductance as the c r i t e r i o n  f o r  select ion, the 

carbon paper, ceramic paper, WPR-X-AQ f e l t  and the s i l i c a  paper 

appear t o  be the more desirable m6terials. 

Another c r i t e r i o n  o f  possible s t ruc tu ra l  i n te res t  might be 

the required thickness o f  the i n t e r s t i t i a l  material,  but f n  any 

i n s t a l l a t i o n  where a compressive load i s  appl ied the mechanical 

strength o f  the material must be considered. I n  s t a t i c  cases, no 

v ib ra t i on  or osci l latSons i n  load and temperature, the compressive 

s t r a i n  curves (Figure 14) give the degree o f  compression. On the 

other hand, w i th  var iable load and temperature (expansion-contraction) 

condit ions the mater ia l  should be subjected t o  a var iable load test .  

Thus, ceramic paper, f e l t ,  and carbon paper, were subjected t o  a 

c y c l i c  loading t e s t  t o  compare t h e i r  strength under compressive 

loads. The ceramic paper when cylced between ten and 500 pounds 

s i x  times, and f e l t  when cycled between ten and 800 pounds four  

times were found t o  dis integrate.  The minimum and maxim~m thick- 

nesses a t  t h e i r  respective loads f o r  the f i r s t ,  second and f ina l  

cycle are given i n  Table 5. Carbon paper d i d  not evidence the same 

fa i l u re .  Although Figures 13 and 15 ind icate tha t  s i l i c a  paper i s  

also a gad insulator,  i t  was not considered f o r  the c y c l i c  'ioading 

t e s t  since i t  was found t o  d isco lor  (possible bonding deter iorat ion) 

during the high temperature test .  I n  s u m m y ,  on the basis o f  
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. \ . .  

mechanical strength, t h e m 1  resistance per u n i t  thickness and mass 

per t h e m 1  resistance, carbon paper i s  ~ ~ z r a l l  the better material 

o f  those that have been considered. However, i n  an application 

where compressive load strength i s  o f  primary importance a material 

such as a wire screen should bg considered. 

TABLE 5 

TABLILATEB CIWRESSION DATA 

lul4TElilAL Loa0 MMBER THICKNESS FOB MINIM 
W E  OF CYCLES Am WumIH LOAOS 

Lb. 

CB 10-500 6 

CE 10-500 6 

10-800 4 FE 

in. 
1st  2nd Final 

Cycle Cycle Qcle 

10 l b  0,0458 0,0244 0.0215 

500 l b  0.0132 0.0123 0.0121 

‘10 l b  0.0682 0.0336 0,0251 

500 l b  0.0194 0,0185 0.0160 

10 1b 0.1614 0.108 0,0958 

800 l b  0.0930 0,0910 0,0889 
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CHAPTER V 

SUQlAwY 

Experimental values o f  the t h e m 1  contact conductance, h, f o r  

the ~@vf!fitem in ters t i t ia l  materials l i s t e d  i n  Table 2 are tabulated 

i n  Table A-3 o f  4ppmdix A. The uncertainty associated wi th  the h 

values i s  discussed i n  Appendix 8. The ulerraal resistance o f  the 

i n t e r s t i t i a l  materials can be a firnction o f  a bulk material t h e m 1  

resistance, and a surface contact resistance. h l t i l a y e r  thermal 

a d  coaqpression tests w i t h  carbon paper demonstrated that  for the 

papers a d  other p l iab le  f i b e r  sheet materials, the t h e m 1  res is t -  

ance i s  primarily a Bulk material resistance (t/kA). I n  contrast 

ttw m i c a  damstratmi tte existence o f  tmth a material ttmma1 

resistance and a surface contact resistance. Compression tests 

o f  mica also stiou tha t  the e f fec t i ve  coapressive s t ra in  i s  a 

function of lead end i n i t i a l  thickness. I w r i t i e s  i n  the economy 

grades o f  mica were found t o  s ign i f icant ly  effect the thermal res is t -  

ance. Repeatable data can be obtained w i t h  mica by using a c lear 

to avoid variat ions i n  the test samples. Ui re  screens o f f e r  

a substantial decrease in the junct ion heat t ransfer w i t h  the ad- 

vantage o f  not f a i l i n g  under large compressive loads. As expected 

the t h e m 1  resistance o f  w i r e  screens is a function o f  the thermal 

conductivity o f  the w i r e  but laore ilaportantly the w i r e  diameter and 

msh sfze. An increase i n  the alminm specimen surface roughness 

p-inc), deaoonstrated that  the h values for the insufatf,ng 
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materiels i s  not a s ign i f i can t  func&on o f  roughness. However’. 

large changes i n  surface flatness could have an e f fec t . .  A change 

i n  surface hardness, aluminum to stainless steel speciasens, did not 

e f fec t  the h values f o r  the insulat ing materials tested. Recent 
a 

tests with stainless steel screens and stainless steel specimens 

show a decided decrease i n  h over that f o r  aluminum specinens. 

This i s  a resu l t  o f  a decrease i n  the contact area. 

Selection c r i t e r i a  wepe proposed f o r  tke  insu la t ing  materials. 

These were an e f fec t i ve  theml conductivity, ht;  the density, and 

the mechanical strenyth under repeated loads. On these bases the 
.. 

carbun paper was found t o  be the bet ter  material. However, i f  

mechanical strength i s  o f  primary importance, wire screens should 

Be considered. 

Further work with wire screens i s  contemplated t o  tes t  the 

effects o f  surface hardness and temperature. Also a technique f o r  

predict ing the junct ion them1 resistance wi th  wire screens should I 

be &velpped. Addfticwlal tests  wi th  mica should be undertaken t o  

provide mom d e f i n i t i v e  p r w f  tha t  i t s  t h e m l  resistance i s  a sm 

o f  a m t a c t  resistance and a material resistance. Final ly, addi- 

t iona l  variable thickness tests should be conducted t o  determine 

the behavior o f  other m t e r i a l s  besides mica and carbon paper. 
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TABLE A-1 
FETAL SPECIMEN DESIGNATION 

SPECIMEN NO. MATERIAL TYPE SURFACE CONDITIONS 
Hot Cold Hot Cold 

Specimen Specimen Specimen Specimen 

1 A1 mi nun A1 mi nun A A 
2024 2024 

AN ON 

2 A1 mi num A1 mi num A A 
2024 2024 

AN AN 

3 A1 mi num A1 mi nun A A 
2024 2024 

AN AN 

4 A1 umi nun A1 mi num A A 
2024 2024 

AN AN 

5 A1 mi nun A1 mi nun A 8 
2024 2024 

AN AN 

6 Stainless Stainless A A 
Steel Steel 
304 304 

Notation 
AN - Specimens annealed a t  600°F for 24 hrs. 
UN - jpeciaten unannealed 
A - Roughness 3-5 p in  Flatness 20-25 pin 
8 - Roughness 200-225 pin Flatness 25-50 pin 
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TABLE A-2  

TABULATED EXPERIMENTAL RESULTS 

BARE JUNCTION SERIES 

AT h a Tm Run P 

P s i  O F  O F  Btu/hr sq ft O F  

Aluminum 2024 

1-&I-l 
1-8)-2 
1 4 - 3  
I-a)-4 
1-83-5 
1 -B&6 
1-83-7 
1-BJ-8 
1-83-9 
I-BJ-IO 
1-B3-11 
1 -&I-1 2 
1 -Mol 6 
1 -BJ-20 
1 -BJ-L4 
1 -&6-28 
1-BJ-32 
1-BJ-36 
1-83-40 
1-B3-44 
1-83-48 
2-Bd-1 
2-BJ-2 

114 
268 
418 
567 
732 
881 

1038 
260 
406 
554 
722 
860 
293 
192 
287 
187 
105 
104 
186 
277 
277 
105 
239 

280 
289 
291 
293 
294 
295 
296 
285 
281 
292 
293 
293 
300 
286 
297 
288 
278 
237 
289 
291 
294 
278 
287 

34.5 
22.3 
14.3 
10.0 
8.6 
7.5 
6.3 

20.0 
13.8 
11.1 
9.1 
6.5 

14.5 
29.3 
13.8 
29.0 
52.6 
47.9 
31.2 
15.9 
17.2 
54.1 
23.0 

1270 
2190 
3550 
5240 
61 90 
71 90 
8680 
2340 
3400 
4370 
5400 
7520 
3808 
1642 
3821 
1665 
749 
896 

1522 
342 1 
3219 
925 

2607 
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TABLE A 2  (Con t ' d) 

Run P AT h T m a 

P s i  O F  O F  rl Btu/hr sq ft O F  

2-83-3 
2-83-4 
2-63-5 
2-BJ-6 
2-BJ-7 
2-63-1 1 
2-63-1 5 
1-BJ-56 
1 -BJ-63 
3-83-1 
3-83-2 
3 4 - 3  
3-63-4 
3-BJ-5 
3-83-1 5 
3-BJ-16 
3-63-25 
3-83-26 
4-BJ-1 
4-63-2 
4-BJ-9 
4-BJ-16 
4-83-1 7 
4-BJ-18 
4-BJ-29 
4-BJ-30 
4-83-31 

385 
538 
692 
834 
694 
690 
31 0 
281 
98 

106 
203 
300 
303 
304 
102 
305 
102 
305 
101 
297 
102 
298 
99 

306 
98 
99 

305 

289 
293 
296 
296 
294 
27% 
272 
280 
269 

-236 
-250 
-257 
-1 59 
-33 
-42 
-53 
-33 
-28 
-13 
-25 
-20 
-23 
281 
264 
267 
274 
265 

18.0 
13.3 
11.5 
9.8 

12.3 
15.1 
38.6 
21 09 
75.0 
48.8 
35.7 
23.0 
42.0 
58.7 
86.4 
45.8 
78.1 
40.5 
62.5 
28.5 
69.4 
31 .8 
27.6 
16.3 
43.8 
44.4 
15.4 

3515 
4337 
W13 
7160 
5663 
4246 
1349 
2250 
516 
163 
214 
371 
676 
987 
487 

1242 
537 

1353 
578 

1888 
51 2 

1665 
1389 
2910 
770 
857 

3042 
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TABLE A-E(eont'd) 

Run P AT h T in a 

Ps: "F "F Btu/hr sq ft O F  

~~- ~ ~ 

4-63-31 305 265 15.4 3042 
4-83-39 96 264 53.2 710 
4-BJ-40 99 287 34.9 1057 
4-BJ-51 102 274 39.9 947 
5-63-1 102 267 38.3 971 
5-BJ-2 LO8 274 21 .o 2286 
5-BJ-6 102 279 27.1 1300 

Stainless Steel 304 

6-83-1 103 280 38.3 
6-BJ-2 31 0 298 19.9 
6-BJ-3 566 305 11.7 
6-83-4 309 290 18.0 
6-83-21 26 -59 118.3 
6-83-22 91 -78 84.4 
6-BJ-23 307 -88 46.5 

115 
302 
644 
31 9 

16.5 
31 .O 
74.6 



72 

TABLE A-3 

TABULATED EXPERIMENTAL RESULTS 

INTERSTITIAL MATERI.1LS 

Run a P m T AT h h, ** 

Psi O F  O F  Btu/hr sq f t  O F  Btu/hr sq ft O F  

S i l i c a  Paper 

1-SI-13 
1-SI-14 
1-SI-15 
3-SI-13 
3-SI-14 
4-SI-12 
4-SI-13 
4-SI-32 
4-SI-33 

112 199 
195 199 
289 200 
96 -113 

309 -114 
103 -109 
302 -109 
99 185 

309 185 

266 . 3 
225 . 5 
223.1 
395.9 
386 . 8 
391 .O 
381.7 
22% . 4 
212.7 

5.76 
6.93 
9.74 
2.40 
5.95 
2.01 
6.11 
5.43 

14.1 

3.07 
6.19 
7.67 

15.2 

Asbestos Board 

1-AB-17 
1 -AB- 1 8 
1-AB-1 9 
3-88-6 
3-AB-7 
4-88-7 
4-AB-8 
443-21 
4-Ab22 
5-88-3 

115 200 221.5 
209 200 ?19.5 
31 1 200 218.2 
127 -123 350,l 
301 -129 338.8 
107 -106 379.4 
303 -101 382.8 
100 189 212.0 
307 192 218.6 
310 194 235.8 

10.1 
11.2 
12.5 
5.82 
9,35 
6.58 

10.3 
12,9 
14.9 
15,O 

6.91 
10.3 
13.1 
14.8 
14.4 

** hR, T h e m 1  contact resfstance estfmated frt-  an energy loss 
calculatton 
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TABLE A-3 (Cent' d)  

Run P L AT h .  h, a 

Psi O F  O F  Btu/hr sq ft O F  B W h r  sq ft O F  

T e f l m  

1-TE-21 96 256 101.5 290 
1 -TE-22 201 260 92.5 346 
1 -1E-23 275 262 07.1 376 

Hi  ca 

1441-25 
1441-26 
141-27 
4418-35 
M I B - 3 6  
44IB-37 
4416-38 
4416-41 
54IC-5 
6-HIC5-15 
64ICS-16 
6JllIC-17 
644IC-18 
64IC-19 
64IC-20 
64416-24 
6 4 f C - P S  
6-MIC-26 

101 218 
187 226 
2t5 233 
69 199 
2 0 9 2 0 6  
313 210 
97 210 
99 205 
3Qo 211 
107 216 
312 227 
25 252 
57 253 

106 253 
309 268 
28 -6.3 

loo -9.5 
301 -7.1 

184.9 
160.7 
149.1 
197.8 
191 -2 
178.4 
208.9 
186.1 
W . 7  
177.1 
166.2 
116.5 
114.3 
105.9 
72.3 

149.4 
101.1 
72.0 

51 -4 
93.9 

29.9 
49.8 
69.9 
42.5 
49.3 
59.6 

121 

9.09 
16.8 
21.9 
26.Q 
32.3 
65.5 
19.1 
35.7 
70.1 

0-0 

31.1 
50.6 
68.1 
41 -0 
41-2 
57.9 
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Run T AT a m P h 

Psi  O F  O F  Btu/hr sq ft O F  Btu/hr sq ft "F 
~ ~ 

1 -AT031 281 205 212.0 19.7 0-0 

3-AT-8 114 -139 308.2 11.0 -0- 

3-AT-9 231 -137 315.0 13.0 -0- 

4-AT43 184 189 22.7 21.4 18.8 
~ 

Carbon Paper 

1 -CA-33 
1-CA-34 
I-(3-35 
3-cA-19 
3-68-20 
4-CA-10 
4-CA-11 
4-CA-25 
1-CA-26 
5-CA-4 
6-CA6-9 
6-686-10 
6-CA-11 
6-CA-12 
6-68-1 3 
6 4 - 1  4 
6-CA-27 
6-CA-28 
6-CA-29 

101 1% 
188 197 
276 198 
102 -103 
299 -106 
106 -103 
2% -112 
95 18% 

305 188 
307 191 
112 192 
313 193 
28 202 
60 202 

108 204 
315 211 
28 -58 

104 -63 
302 -65 

222.0 
220.6 
219.8 
418.9 
410.3 
419.3 
399.5 
228.4 
219.1 
219.4 
239.0 
232.6 
227.1 
219.2 
191.7 
162.3 
376 . 8 
354 . 8 
281.9 

4.84 
* 6.78 

8.74 
1.50 
2.76 
1.11 
3.16 
4.04 
8.48 
9.52 
0.89 
1.80 
2.15 
2.83 
5.85 

1.41 
2.55 
5.79 

11.2 

Ceramic Paper 

1 -CE-37 102 199 238.8 3.82 0.- 

1 -E-38 180 19% 227.1 4.73 ...-.. 
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TABLE A-3(Cont1d) 

Run T AT a m P h 

Psi O F  O F  Btu/hr sq ft O F  Btu/hr sq ft O F  

1 -CE-39 279 199 225.5 6.22 
4-CE-14 101 -111 395.7 1.30 
4-CE-15 296 -111 397.4 2.26 
4-CE-27 99 191 232.1 3.95 

-0- 

2.29 
3.04 
1.93 

4-CE-28 301 193 233.9 7.86 5.72 

Laminate T-30LR 

1 -LA-41 
1-LA-42 
1 -LA043 
3-LA-1 0 
3-LA-1 1 
3-LA-1 2 
4-LA-3 
4-LA-4 
4-LA-23 
4-LA-24 

104 197 224.5 
182 198 225.5 
278 197 225.2 
119 -116 395.4 
305 -117 395.3 
109 -87 455.3 
102 -108 M3.3 
306 -111 405.1 
102 193 213.7 
307 188 213.8 

3.21 
3.13 
3.33 
1 . w  
1 .W 
0.56 
0 . 62" 
1.14* 
2.13 
3.29 

1.58 
2.13 
2.11 
2.48 

Pluton 6-1 Cloth 

1 -PL-45 105 192 236.4 18.4 -0- 

1 -PL-46 188 193 228.9 23.7 -0- 

1-PL-47 279 196 225.6 28.2 0.0 

3-PL-17 104 -119 356.5 6.57 00.0 

3-PL18 305 -11% 350.5 11.6 0-- 

4-BL-34 101 197 210.2 18.8 25.2 

WRP-X-AQ F e l t  
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TABLE A-3(Cont8d) * 

Run a P f m AT h 

Ps -1 OF O F  Btu/hr sq ft OF Btu/hr sq ft O F  

1-FE-51 
4-FE-5 
4-FE-6 
4-FE-19 
4-FE-20 
4-FE-44 
4-FE-45 
4-FE-46 
4-FE-47 
4-FE-4% 
4-FE-43 
4-FE-SO 
6-FE-5 
6-FE-6 
6-FE-7 
6-FE-8 

2LQ 
io7 
305 
1@6 
31d 
103 
3 K  
561 
806 

1006 
562 
115 
27 
49 

1 08 
312 

183 
-113 
-114 
189 
187 
185 
185 
185 
181 
179 
178 
193 
196 
194 
193 
195 

253.8 
435 . 0 
399.2 
238.3 
2B.3  
247 . 9 
242.8 
239 . 8 
232.8 
228.1 
230.4 
263 . 3 
229.1 
232.3 
233.1 
225.0 

1.61 
1.14" 
1-12" 
0.99 
1 .84 
0.54 
2.43 
3:40 
4.22 
6.28 
5.11 
2.0 
0.82 
0.95 
1.02 
2.02 

0-0 

0.60 
1.02 
0.73 
1.50 
0.36 
1 A 3  
3.32 
4.88 
6.10 
5.31 
2.19 

-0- 

0.0 

-0- 

--- 
Pyroid Disk 

1-PY-52 109 217 174.4 96 
1 -PY-53 187 221 172.1 102 
1 -PY-54 277 219 169.2 107 

Z i  rconi uln Di sk 

241-8 107 182 2 M e 2  4.08 -0- 

2-21-9 187 182 2 4 W  5.13 0-0 

~ 2-ZI-10 276 183 249.5 6.06 -0- 

4-21-42 107 190 232.7 5.46 3.95 

"Estimated by A l / z 0 F  deviation 
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Run m T a P h 

Psi  O F  O F  Btu/hr sq ft O F  Btu/hr sq ft O F  

Magnesium Disk 

2-MA-12 134 209 222.9 45.5 
2-MA-1 3 209 208 186.9 80.3 
2-HA-1 4 308 212 164.6 121.5 

Stainless Steel Screen-10 Mesh 

2-SS10-16 132 192 239.8 17.3 -0- 

2-SS10-17 192 190 231.4 19.5 -0- 

2-SS10-18 279 191 229.0 23.9 -0- 

3-SS10-23 104 -106 378.2 7.40 -0- 

3-SS10-24 299 -104 374.6 12.7 -00 

Stainless Steel Screen--100 Mesh 

1-SS100-57 96 216 183.0 64.6 
1-SS100-58 187 220 167.6 90.1 
1-SS100-59 277 229 157.2 118 

Titanium Screen40 Mesh 

1-TI10-60 102 195 231.9 
1-TI10-61 186 192 233.6 
1-TI10-62 275 189 218.9 

10.7 
16.3 
21.9 

Tungsten Scmen--ZO Mesh 

1-W20-64 99 218 143.4 118 
1 -W20-65 186 229 136.3 152 
1-W20-66 278 246 135.0 186 

"Estigtated by A1/2  O F  deviation 



APPENDIX B 

UNCERTAINTY ANALYSIS 

The junc t ion  thermal conductance i s '  dcf ined as 

9 
AT h =  

where q i s  determined from the product o f  the thermal conduct iv i ty 

and temperature gradient i n  the metal t e s t  specimen. The ca lcu lat ion 

o f  q by an energy balance method f o r  the very low heat f l u x  runs 

w i th  aluminum specimens i s  discussed on page 31, Since q/A i s  

evaluated as the product o f  two terms, the uncertainty as a percept- 

age i s  given by 

As an estimate o f  the uncertainty i n  the published thermal 

conduct iv i ty walues and graphical in te rpo la t ion  (Figure 9) a value 

o f  5 percent was selected. For each run a maximum and minimum slope 

(dt/dx) was read from the p l o t  o f  specimen temperature versus length. 

I n  a l l  cases the slope var ia t ion  was well  w i th in  +l°F/inch. From these 

resu l ts  a reasonable estimate o f  the uncertainty i n  dt/dx i s  O.S0F/inch 

f o r  the low heat f l l r x  runs w i th  i n t e r s t i t i a l  materials and perhaps as 

large as 1 1/2"F/inch f o r  the much greater heat f l u x  tests  w i th  the 

bare junct ion.  B l l  high ratwe runs were conducted with water 

as the coolant and for the i n t e r s t i t i a l  mater ia ls the man tempera- 

tu re  var ied E a t  w i th  the heat f lux .  Therefore, the magnitudes 
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o f  6q/q, the estimated uncertainty i n  the calculated heat f l u x  i s  

presented as a funct ion o f  Q i n  Figure 16. Maximum and minimum 

possible slopes (dt/dx) were also estimated from the graphs o f  
j 

temperature versus length. The magnitudes o f  6q/q calculated f r o m  

these l i m i t i n g  slopes are also p lo t ted  i n  Figure 16. By comparison, 

the estimated uncertaint ies i n  dt/dx and k seem val id.  The maximum 

value p lo t ted  i s  101 Btu/hr which corresponds t o  the 100 mesh 
Q j 
stainless steel  screen run a t  300 psi.  The same p l o t  f o r  the 

stainless s tee l  specimens would ind icate somewhat lower uncertaint ies 

since f o r  a given heat f lux ,  dt/dx would be approximately 10 times 

larger  for  the stainless steel  than f o r  the aluminum specimens. 

For the i n t e r s t i t i a l  material runs i t  would be possible t o  have 

an e r ro r  o f  as much as 4°F i n  the value f o r  AT, the junct ion tempera- 

tu re  di f ference, However, from the t e s t  resu l ts  i t  was estimated 

that the uncertainty would be between 2°F and 4OF. For the high 

temperature tests  with the aluminum specimens the junct ion tempera- 

tu re  di f ference was approximately 2OO0F, and f o r  the low temperature 

runs ( l i q u i d  ni t rogen coolant) the value o f  AT was between 300°F and 

N O O F .  Therefore, the maximum percent uncertainty for AT occurred 

during the high temperature runs and was on the order o f  2 percent. 

For stainless steel specimens AT was as small as 100°F so tha t  the 

percent uncertainty, 6 A T/T, i s  increased t o  4 percent. 

The estimated uncertaint ies i n  AT and q can be combined t o  

calculate the uncertainty i n  h, 
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= { (%Ii + (7 6AT) 2 11 /2 
q ( W h  1 

Since the magnitude varies with q, hence h, the r a t i o  6h/h i s  presented 

graphically as a function o f  h i n  Figure 17. 
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